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A contrast gauge consists of a narrow bar shaded from dark on bottom to light on top [Shapiro, A. G.,
Charles, J. P., & Shear-Heyman, M. (2005). Visual illusions based on single-ﬁeld contrast asynchronies.
Journal of Vision, 5(10), 764–782]. The perceptual division between dark and light on the bar depends
on the luminance level of the surround: when the surround has a high luminance level, the perceptual
divider moves up the bar; when the surround has a low luminance level, the perceptual divider moves
down the bar. This paper examines the extent to which the perceptual division between light and dark
can be used as an indicator to mark the zero contrast level between the bar and the surround. In the
experiments, the bar was surrounded by a ﬁeld whose luminance modulated in time. Three observers
marked the maximum and minimum levels of the perceptual divider as a function of modulation ampli-
tude, chromaticity (R, G, B, W), temporal frequency, and width of the surround. Linear changes in the
modulation amplitude of the surround produced linear changes in the observers’ settings of the indicator.
Observer settings matched zero luminance contrast when the surround was wide (12.5 deg), was mod-
ulating at less than or equal to 1 Hz, and had W or G chromaticity, but not when the surround was nar-
row, or was modulating faster than 1 Hz, or had R or B chromaticity. The effects of surround size suggest
that the perceived minimum contrast results from processes that operate over multiple spatial scales. To
test this hypothesis, the paper presents a new conﬁguration in which near and far contrast information
create different perceptual signatures. Under normal viewing conditions, the motion of the indicator fol-
lows the contrast information from the nearest edge, but when high spatial frequency information is
removed (through image blur), the motion follows the contrast from the far spatial edge. It is therefore
likely that the setting for the indicator for the contrast gauge depends on multiple processes and is not a
simple indicator of luminance contrast. The perceptual response to low spatial frequency contrast
appears to be given less perceptual weight when high spatial frequencies are present in the image.
 2008 Elsevier Ltd. All rights reserved.1. Introduction
A longstanding goal of visual psychophysics is to specify the
relationship between physical attributes (e.g., radiance, spectral
composition, spatial and temporal frequency) and perceptual re-
sponse (e.g., hue, saturation, brightness, lightness). One of the ear-
liest attempts at standardizing such a relationship is the C.I.E.’s
1931 deﬁnition of luminance,
L ¼ km
Z
Le;kVkdk
where L is luminance, km is a constant, Le,k is the integrated radiant
energy, and Vk is the spectral luminance efﬁciency function. This
standardization grew out of an early 20th-century technological de-
sire to replace visual photometry with physical photometric mea-
sures (Johnston, 2001), and has been exceptionally successfulll rights reserved.
.even though it has some notable shortcomings (Lennie, Pokorny,
& Smith, 1993). Currently, many experimental and clinical testing
situations require efﬁcient methods for estimating the relative efﬁ-
cacy of lights for individual observers. For instance, in fMRI experi-
ments, an observer views images from a single multipurpose
projection monitor that may have limited temporal resolution;
the observer may be asked to equate the relative efﬁciency of lights
that have a task-speciﬁc spatial conﬁguration. A standard way to
equate lights would be to use a ﬂicker photometric procedure (or
minimally distinct border task); however, given experimental con-
straints, there may be more practical methods for equating the rel-
ative luminance (or brightness) of the lights for individual
observers.
Recently, Shapiro et al. developed a class of stimulus (referred
to as contrast asynchronies) that translates minimum contrast
levels into spatial displacements (Shapiro, 2008; Shapiro, Charles,
& Shear-Heyman, 2005; Shapiro et al., (2004a), Shapiro, D’Antona,
Smith, Belano, & Charles (2004b))—a characteristic that makes
contrast asynchronies an efﬁcient stimulus for investigating theo-
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trast. Contrast asynchronies consist of ﬁelds that have identical
phases of luminance or chromatic modulation, but have different
phases of contrast modulation relative to the surrounding ﬁelds.
A typical example of this stimulus class consists of a rectangular
ﬁeld whose luminance is modulated in time, so that the ﬁeld
changes from light to dark; this rectangle surrounds, or is sur-
rounded by, a gradient ﬁeld, shaded from light to dark. When the
rectangle is in the white phase of modulation, the contrast be-
tween the rectangle and the light part of the surrounded/surround-
ing gradient is low, and the contrast between the rectangle and the
dark part of the gradient is high. When the rectangle is in the dark
phase of modulation, the contrast relationships are reversed. Shap-
iro et al. (2005) showed that the alternation of contrast across dif-
ferent spatial locations creates apparent motion that shifts back
and forth across the modulating rectangle.
The motion produced by asynchronous contrast modulation
tracks the minimum contrast between the modulating ﬁeld and
the gradient ﬁeld; this type of motion can be described by a sec-
ond-order (i.e., contrast-deﬁned) process (Lu & Sperling, 2001).
To understand why this is so, consider the motion in Supplemen-
tary movies 1a and b, in which the luminance levels of ﬁve identi-
cal disks modulate at 1 Hz (summarized in Fig. 1A). When the disks
have a uniform gray surround (movie 1a), no motion is perceived;
when the disks have a gradient surround, motion drifts back and
forth from one disk to the other (see movie 1b, and also Shapiro
& Hamburger, 2007). Fig. 1B shows an X,t plot of the disks with a
gradient surround. The vertical strips represent the change in lumi-
nance over time (note: the strips are physically identical to each
other even though the contrast from the surround creates a per-
ception of compression in the sinusoidal gratings). Fig. 1C shows
an X,t plot of the ﬁve disks viewed through an array of contrast ﬁl-
ters; i.e., each horizontal line of the X,t plot in Fig. 1B was con-
volved with a one-dimensional difference of Gaussian ﬁlter, and
the convolution output was then squared. The output from the
contrast ﬁlters shows lines of minimum response that move back
and forth in time in the same direction as the perceived motion.
A similar process can account for the perceived motion in a wide
variety of contrast asynchrony conﬁgurations (Shapiro et al., 2005).
This paper examines a particular formof contrast asynchrony, re-
ferred to as the contrast gauge asynchrony (see Supplementarymo-
vie 2 and Fig. 2). A center gradient rectangle shades from light toFig. 1. (see Supplementary movies 1a and b). An example of a contrast asynchrony.
(A) Five disks whose luminance levels modulate identically in time. When the disks
are placed against a gradient surround, the temporal phase of contrast modulation
is shifted for each disk. The alternation of contrast produces the perception of
motion. (B) An X,t plot of the disks modulating in time. (C) A contrast versus t plot.
The zigzag line indicates minimum contrast values. The minimum contrast follows
the direction of perceived motion.dark. In panel A, the rectangle is surrounded by awhite ﬁeld. The ar-
row indicates the point of zero contrast: above the arrow the ramp
looks light, and below the arrow the ramp looks dark. In panel B,
the rectangle is surroundedby a grayﬁeld, and the perceptual divide
between light and darkmoves to themiddle of the ramp. In panel C,
the rectangle is surrounded by a black ﬁeld, and the perceptual di-
vide between light and darkmoves down the ramp. If the luminance
of the surround modulates in time, the perceptual divide slides up
anddown the ramp in synchronywith themodulation. In the conﬁg-
uration in Fig. 2, then, the rectangular ﬁeld can be treated as a
‘‘gauge” of varying luminance levels, and the induced perceptual di-
vider canbeconsideredan ‘‘indicator” thatmarks the level of the sur-
round that produces zero contrast. In order to assess the light level of
the surround, the observer has to ‘‘read” where the indicator marks
the point of zero contrast on the gauge.
The experiments presented in this paper measure observers’
settings of minimum contrast in response to parametric changes
in chromatic, spatial, and temporal characteristics of the surround.
The gauge procedure shows systematic changes in the level of the
indicator in response to luminance modulation, suggesting that the
techniques may be useful for equating the luminance (or bright-
ness) of lights for individual observers. At a more fundamental le-
vel, the ﬁnding that observer settings are greatly affected by the
spatial extent of the modulating surround suggests that the per-
ceived minimum contrast results from processes that operate over
multiple spatial scales. To test this hypothesis, we present a novel
display that creates different perceptual signatures for visual re-
sponses to ﬁne and coarse spatial contrast. In this display, the
direction of perceived motion is determined by contrast edges un-
der normal viewing conditions, and is determined by the response
to low spatial frequency information when high spatial frequency
information is removed. The demonstration indicates that mini-
mum contrast settings involve multiple processes that operate
over different spatial scales.2. Experiment 1: Does the divider track the point of zero
luminance contrast?
For achromatic lights, the luminance modulation of the sur-
round affects the range of the perceptual divider, but the effect
has never been measured for chromatic modulation. This experi-
ment measures observers’ settings as a function of the modulation
amplitude of each of the phosphor channels (R alone, G alone, B
alone, and W, all three channels together), at two different tempo-
ral frequencies (.5 and 2 Hz). If the perceptual divider follows the
location of zero luminance contrast, then the observer settings of
the indicator should increase linearly with surround modulation
amplitude. The width of the surround is ﬁxed in this experiment;
the width of the surround becomes a factor in experiment 2.
2.1. Methods
2.1.1. Apparatus
The stimuli were presented on a 2100 Sony Multiscan G520 mon-
itor using a Cambridge Research VSG 2/4 graphics board. Gamma
correction was conducted using a Cambridge Research OptiCal
photometer and linearization software. Calibration and gamma
correction were checked with a Spectroscan 650 spectroradiome-
ter. The viewing distance was 90 cm.
2.1.2. Observers
There were three observers, between the ages of 18 and 22. The
observers had normal or corrected visual acuity, and were color
normal as assessed by an Ishihara plate test. All observers’ error
scores on the FM-100 hue test were within normal limits.
Fig. 2. (see Supplementary movie 2). The ﬁgure shows three frames of the interactive movie. A gradient rectangle shaded from dark on the bottom to light on top is
surrounded by a uniform ﬁeld. (A) When the luminance of the surround is high, the divider between light and dark is near the top of the rectangle. (B) When the luminance of
the surround is mid-level, the divider between light and dark is in the middle of the rectangle. (C) When the luminance of the surround is low, the divider between light and
dark is near the bottom of the rectangle. If the background modulates in time, the divider moves up and down the rectangle.
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An achromatic rectangular gauge (0.3 deg  6 deg) was placed
in the middle of the 12.5 deg  8.3 deg monitor. The luminance
of the bottom of the gauge was 0 cd/m2, and the luminance of
the top was 119 cd/m2. The surround modulation had a mean level
at half luminance of the monitor (i.e., R, G, B set to 0.5). As the
luminance of the surround modulated in time, the perceptual divi-
der between light and dark appeared to move up and down the
gauge.
The observers’ task was to adjust the height of thin indicator
lines at the side of the gauge to mark the perceived maximum
and minimum levels of the divider (see Fig. 3). The range between
the dividers depends upon the amplitude of modulation. With each
modulation, the observer adjusted the height of the indicator lines
by pressing the arrow keys on the keyboard. When the levels were
set, the observer pressed the return key, and the next modulation
level was presented. Supplementary movie 3 shows how the set-
tings change for different levels of background modulation.
We examined four chromatic modulations (R, G, B, and W) on
the movement of the divider. Each chromatic modulation had six
different amplitudes, .1, .2, .4, .6, .8, and .9. The settings were run
in blocks of surround chromaticity: R, G, B, W, W, B, G, and R. In
each block, the observer made four settings at all modulationFig. 3. (see Supplementary movie 3). The task for the contrast gauge procedure.
Observers were asked to adjust the indicators to mark the maximum and minimum
level for the contrast divider. (A) When the modulation amplitude is low, the
settings are near the mid-point of the gauge. (B) When the modulation amplitude is
mid-level, the difference between the maximum and minimum levels of the
contrast divider increases. (C) When the modulation amplitude is high, the
difference between the maximum and minimum levels covers the full range of
the gauge.amplitudes. The order of modulation level was chosen randomly.
The procedure was repeated twice, once for 0.5 Hz modulation
and once for 2 Hz modulation. In addition to the main study, an ini-
tial set of measurements was made for a single observer at 1 Hz,
and a follow-up set was made for another observer at 0.5, 1, 2,
and 4 Hz with achromatic modulation.
2.2. Results and discussion
On a single trial, an observer made two settings, one for the
maximum height of the perceptual divider and one for the mini-
mum height of the perceptual divider. In Fig. 4A (made for 1 Hz
modulation), the observer settings as a function of modulation
amplitude follow two branches, one with a slope of approximately
1.0 and the other with a slope of approximately 1.0. The two
branches would not necessarily be expected to have the same
absolute slope since the contrast of the background produces a
non-linear distortion on sine gratings (see Fig. 1A, for an example).
The data can also be plotted as a function of the maximum and
minimum of the modulation, in which case the two branches fol-
low a single line (Fig. 4B). The advantage of this format is that
the results can be summarized by the slope of the line ﬁt to the
curve. A slope of 1.0 indicates that the observer’s settings exactly
match the point of zero contrast. In this case, the slope of the best
ﬁt line is equal to 0.98.
Fig. 5 shows the results for R, G, B, and W modulations at two
different temporal frequencies: the top row, for 0.5 Hz modulation,
and the bottom, for 2 Hz modulation. Each column shows the re-
sults for a different observer. The solid line plots a slope equal to
1.0. At 0.5 Hz, the settings for the W and G modulation (gray
squares and green diamonds) fell almost exactly on the axis for
all three observers. The slopes of the R and B settings (red squares
and blue x’s) were steeper than 1.0, indicating that modulation of
these phosphors pushed the indicators higher.
At 0.5 Hz, the R and B modulations produced steeper slopes
than the W and G modulations. A Judd (1951) correction applied
to the luminance of the R and B phosphors did not equate the
slopes with the W and G curves. At 2.0 Hz, the slopes for all chro-
maticity settings decreased: the R and B settings were now closer
to 1.0, and the W and G settings became shallower. The relative
settings of each observer’s slopes remained the same as with
0.5 Hz modulation.
For all conditions and all observers, the slopes decreased from
0.5 to 2 Hz. Fig. 6 shows the results of a follow-up study for a single
observer, in which observer 2 made settings for W modulation at
0.5, 1, 2, and 4 Hz. The slope of the curve is plotted versus temporal
020
40
60
80
100
120
0 10 20 30 40 50 60
O
bs
er
ve
r s
et
tin
gs
 (c
d/m
2 )
Modulation Amplitude (cd/m2)
HS
0
20
40
60
80
100
0 20 40 60 80 100
O
bs
er
ve
r s
et
tin
gs
 (c
d/m
2 )
Max or Min Level of modulation (cd/m2)
HSA B
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2 and 4 Hz. The observer could not make settings above 6 Hz.
The temporal response reported here is similar to that found in
contrast induction (De Valois, Webster, De Valois, & Lingelbach,
1986; Rossi & Paradiso, 1996). This suggests that the underlying
mechanism for gauge photometry is, not surprisingly, more like
that of color induction and less like that of ﬂicker photometry.
However, the temporal response in this condition may not repre-
sent the temporal response for other types of contrast asynchrony.
Shapiro (2008) showed that when the center ﬁeld modulates, the
contrast response can be seen at much higher rates than would
be expected either by induction or from the temporal contrast re-
sponse functions measured at equiluminance (another example of
this is shown below). Furthermore, Blakeslee and McCourt (2008)
have demonstrated brightness induction at rates much faster than
previously reported. It is conceivable that there are factors that
2646 A. Shapiro, E. Knight / Vision Research 48 (2008) 2642–2648limit the temporal response of contrast asynchronies in which the
surrounding ﬁeld modulates but not the response contrast asyn-
chronies in which a center ﬁeld modulates (see the demonstration
following experiment 2) or in two ﬁeld contrast asynchronies.
Lastly, the results cannot rule out the possibility that the gauge
motion is due to the response of a third-order feature-tracking
pathway instead of second-order motion processes (Lu & Sperling,
1995),
3. Experiment 2: Effects of spatial extent of the background
Fig. 6 shows the effect of modulation frequency on the slope of
the curve. Experiment 2 considers the effect of the size of the sur-
round on the slope of the indicator settings. Surround size is
known to affect the strength of induction in simultaneous contrast
of uniform ﬁelds (see, for instance, Foley & McCourt, 1985a;
McCourt, 1982; Zaidi, Yoshimi, Flanigan, & Canova, 1992; Zaidi &
Zipser, 1993). This experiment, then, represents a method for
examining the spatial extent of induction on gradient ﬁelds.Fig. 7. The slope of observers’ settings plotted versus the size of the modulating
ﬁeld. The symbols depict results for two observers. As the ﬁeld increased in size, the
slope of the curve became closer to 1.0. Because observer 2 could not see changes
with the narrowest of modulating ﬁelds, the data point is not plotted.
Fig. 8. (see Supplementary movies 4 a, b, and c). (A) A homogeneous bar is placed in fr
motion shifts up and down the bar. The motion travels in synchrony with a tracking dot
the motion travels against the tracking dot. (C) If the image in B is blurred, the motion o
scene; it only eliminates high spatial frequency information. The display indicates tha
perceived when an inner edge is present, as in (B).3.1. Procedure
The general procedure is the same as in Experiment 1. In this
experiment, however, the surrounds are of four different sizes.
The heights were ﬁxed at full screen; the widths were 0.4, 1.0,
2.0, and 12.5 deg. The portion of the screen not covered by the
modulation surround was set to mid-gray. The modulation was
run only for W. At each surround width, the order of the modula-
tion amplitude was randomly generated during the experiment,
and four settings were made at each modulation level.
3.2. Results and discussion
Fig. 7 plots the slopes of the observers’ settings versus the size
of the modulating surround. The lines are for observers 2 (ﬁlled
squares) and 3 (open squares). Observer 1 did not run in this exper-
iment. For both observer 2 and observer 3, the slopes were near 1.0
only for the largest modulating surrounds but decreased as the sur-
round became narrower. Observer 2 did not observe changes with
the narrowest surround, so data were not recorded in this condi-
tion for this observer. The result indicates that even though narrow
surrounds can produce contrast motion, the location of light/dark
division also involves information that originates in contrast infor-
mation far from the center gauge. These effects may be greater
than reported since the luminance output may decrease at the
edges of the CRT display. This ﬁnding is consistent with other mea-
surements that have shown that the perceptual strength of the
contrast motion increases with surround size (McCourt, 1982;
Shapiro et al., 2005), and that contrast motion can be produced
with a very thin edge (Shapiro et al., 2004a, 2005). Together, these
studies suggest the possibility that contrast null either pools across
a large area or depends on multiple processes that operate at dif-
ferent spatial scales.
4. Demonstration: Effects of spatial extent of the background
Experiment 2 led to the suggestion that the perceived contrast
null results from the integration of contrast information at multi-
ple spatial scales. To test this hypothesis, we developed a stimulus
demonstration that creates perceptual signatures for low and high
spatial frequency information (see Fig. 8 and Supplementary mov-
ies 4a, b, and c). A 1 Hz modulating bar is placed in front of a gra-
dient surround (dark on bottom, light on top); motion appears to
sweep up and down the bar (following the point of zero contrast).ont of a gradient surround; as the luminance of the bar modulates in time, illusory
placed on the side of the ﬁeld. (B) A reverse gradient surrounds the modulating bar;
nce again travels in phase with the tracking dot. Blur does not add information to a
t the contrast with the larger surround is always present but is not consciously
A. Shapiro, E. Knight / Vision Research 48 (2008) 2642–2648 2647The motion follows a tracking dot that shifts up when the bar is in
its light phase, and moves down when the bar is in its dark phase
(Fig. 8A and movie 4a). If a narrow gradient ﬁeld that is light on
bottom and dark on top is placed around the modulating bar so
as to separate the bar from the original surround (Fig. 8B and mo-
vie 4b), the perceived motion will reverse direction and travel
against the tracking dot. The direction of motion is therefore deter-
mined by the contrast with the inner gradient, not by the contrast
with the outer gradient. If the image is then blurred using a 20-pix-
el Adobe blur ﬁlter (Fig. 8C and movie 4c), the perceived motion re-
verses once again and travels in phase with the tracking dot. The
reversal of motion is not due to a digital artifact because the rever-
sal can also be produced by an optical blur.
Neural systems that encode low spatial frequency information
should respond equally to both the blurred and non-blurred dis-
plays (blur does not add information to an image; it only elimi-
nates high spatial frequency information). The difference in the
perceived direction between Fig. 8B and C implies that the contrast
between the bar and the surround gradient is always present but
only determines the direction of the perceived motion when the
high spatial frequencies are removed.
The perceived contrast null seems to represent the weighted
combination of low and high spatial frequency responses, with
the high spatial frequency responses given considerably more
weight. At this time it is not clear why different spatial channels
should create changes in the slope of the indicator functions. One
might expect that the low spatial frequency response decreases
the range over which the indicator moves because a low spatial
frequency response averages over a larger portion of the gauge.
So, when the background is white, a low spatial frequency re-
sponse would average over a greater area and place the division
more towards the middle. However, a change such as this would
make the slope go in the opposite direction than shown by exper-
iment 2 (i.e., the slope would decrease as the surround increased).
In addition, a computational simulation in which contrast is calcu-
lated with different-sized spatial ﬁlters does not produce a sizable
change in the slope of the curve. Two possible alternative hypoth-
eses are that different spatial ﬁlters have different temporal re-
sponses or that different spatial ﬁlters have a non-additive
summation. These hypotheses cannot be distinguished by the data
here and would require further investigation.5. General discussion
The gauge asynchrony translates changes in minimum contrast
levels into a spatial displacement on a luminance gauge. In this pa-
per, we have shown that settings of minimum contrast are linearly
related to the modulation amplitude of the surrounding ﬁeld; the
slopes of the function that relates observer settings to modulation
amplitude depend on the chromatic, spatial and temporal parame-
ters of the surrounding ﬁeld. An associated demonstration indi-
cates that the perception of minimum contrast originates from
mechanisms that operate at different spatial scales.
One goal of the current investigation was to see if the gauge
asynchrony could be used as an efﬁcient photometric technique.
Experiments 1 and 2 show that large, slowly modulating, achro-
matic (or G) ﬁelds produce almost an exact match between the
observers’ settings and zero luminance contrast, but narrower, fas-
ter (>1 Hz) R and B modulating ﬁelds create substantial changes
from these settings. This should not be a surprise, since measures
of luminance and brightness are greatly affected by parametric
changes and by individual differences (Lennie et al., 1993). None-
theless, because the slopes of the curves can be shifted so easily,
it becomes impossible to compare the results to standardized
luminance (or brightness) functions without selecting one set ofparametric conditions as the standard. Thus, while the gauge asyn-
chrony is an effective measure of contrast, the current dataset can-
not be used to determine whether these measurements are similar
to luminance contrast (i.e., contrast with Vk or Judd’s modiﬁed Vk)
or to brightness contrast.
5.1. Contrast at super-threshold levels
The visual system contains parallel neural channels, each of
which represents contrast over a different spatial and temporal
range. A central question in visual science concerns how these neu-
ral channels combine and interact with each other in order to form
our perceptual representation. The results in this paper indicate
that a simple perceptual task—assessing the location of minimum
contrast on a gradient bar—depends on the interaction of (at least)
high and low spatial frequency contrast responses.
There are three sources of evidence for this conclusion: (1) the
slope of the minimum contrast curve increases as the surrounding
ﬁeld size becomes larger (experiment 2), suggesting that informa-
tion distant from the ﬁeld has a substantial effect on the gauge set-
ting. This result is consistent with other studies of lightness and
brightness that show induction effects that arise far from the test
patches (for instance, Blakeslee & McCourt, 1999; Foley & McCourt,
1985b; McCourt & Blakeslee, 1994; Rudd & Zemach, 2004; Shapiro
et al., 2005; Shevell, Holliday, & Whittle, 1992). (2) The direction of
minimum contrast motion is determined by the inner edge under
many viewing conditions, suggesting the involvement of edge-sen-
sitive high spatial frequency processes (Fig. 7B). This is consistent
with the results of Shapiro and Shapiro (2006), who measured
the direction of shading motion produced by ﬂanking ﬁelds in
the barbell illusion. They found that the direction of shading mo-
tion could be reversed by adding edges less than 10 min of visual
angle (about the size of a ganglion cell receptive ﬁeld center).
And (3) the low spatial frequency determination of minimum con-
trast can be revealed by removing the high spatial frequency infor-
mation through image blur (Fig. 7C). This effect can also be seen in
a series of recent illusions that show images that appear motion-
less when unblurred but appear to move when they are blurred
(Shapiro & Knight, 2007).
The implication is that changes in the level of the gauge asyn-
chrony result from the combination of multiple spatial channels.
Responses to low spatial frequency contrast information may not
be noticeable under normal viewing conditions because they are
suppressed by a response to information at the edges. The relative
suppression of the low spatial frequency response may result from
a passive process (e.g., the response to low spatial frequency infor-
mation may simply be drowned out by responses to high spatial
frequency content) or from an active process (e.g., cells that re-
spond to high spatial frequency information may be part of neural
circuits that actively attenuate responses to low spatial frequency
contrast information—a process similar to that suggested by Foley
and McCourt [1985b]).
In either case, the reduction of the low spatial frequency con-
trast response has intuitive appeal because spatial frequency con-
trast that is lower than the fundamental frequency of a visual
object is relatively uninformative. From this viewpoint, the reduc-
tion of a low spatial frequency response may be a general visual
process that is fundamental for understanding a number of diverse
perceptual phenomena. For instance, Shapiro, Smith, and Knight
(2007) showed that the relative lightness values of a wide variety
of lightness phenomena could be accounted for simply by remov-
ing low spatial frequency content from the image. A reduction of
low spatial frequency content, however, may also act as a form
of depth cue (since the addition of low spatial frequency informa-
tion—blur—tends to make an object appear farther away, it seems
reasonable that the removal of low spatial frequency information
2648 A. Shapiro, E. Knight / Vision Research 48 (2008) 2642–2648may make an object appear closer). A spatial tuning processes may
therefore be fundamental both to lightness regulating mechanisms
and to depth (and therefore, perceptual scission; Anderson &
Winawer, 2005).
On the other hand, Whittle (2005) notes that ‘‘color is not sin-
gle valued”: we are always aware of both the color and the con-
trast relative to the surround ﬁeld. Shapiro (2008) proposed a
model that contains separate pathways for ﬁrst-order processes
(color and luminance) and second-order processes (color and
luminance contrast). The ﬁrst-order pathway contains relatively
slow channels that are similar to the cardinal color pathways;
the second-order pathway consists of a contrast channel that
integrates contrast difference over all color channels. Separate
pathways with different temporal frequencies are consistent with
fMRI (Liu & Wandell, 2005) and with single-cell recordings that
show that cells in V1 can encode both luminance and contrast
information (Geisler, Albrecht, & Crane, 2007). From this perspec-
tive, the gauge asynchrony produces maps of both ﬁrst- and sec-
ond-order responses; presumably, the setting of the gauge
depends on the interaction of the ﬁrst- and second-order maps.
How this separation of ﬁrst- and second-order processes relates
to the possible suppression of low spatial frequency information
or to the classic division between brightness and luminance has
not yet been investigated.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.visres.2008.06.027.
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